[1] We present two spontaneous rupture models of the 2004 M w 6.0 Parkfield earthquake constrained by near-source ground motions. We start with a stress drop distribution calculated from a kinematic slip distribution. Using a linear slip-weakening friction law, we utilize trial and error to obtain both the stress conditions and frictional parameters on the fault that produce synthetics consistent with records. The material contrast across the San Andreas Fault is incorporated using different one-dimensional velocity structures on each side of the fault. An approximately constant S parameter of 0.3 and a uniform slipweakening distance of 0.15 m are used in the dynamic models. In our preferred dynamic model, consistent with the ground motion and GPS, the slip is bounded by seismicity streaks at 5 and 10 km depths, confirming a locked zone at depth. The stress drop is approximately 10 MPa in the hypocentral region and about 2 MPa elsewhere. The material contrast across the fault causes significant normal stress variations ($1 MPa), leading to a larger strength drop to the southeast than to the northwest. The main rupture front propagates at nearly a constant subshear rupture velocity $3 km/s in both directions. The total radiated energy determined from the preferred dynamic model is 1.1 Â 10 13 J, seismic moment is 1.0 Â 10 18 Nm, and fracture energy is 3.0 Â 10 13 J. The limited number of aftershocks in the slipped area suggests the important role of stress on the distribution of seismicity in the locked zone.
Introduction
[2] In this paper, we present a dynamic source model of the 2004 M W 6.0 Parkfield earthquake. The rupture is modeled as a spontaneously propagating crack under the simultaneous control of the stress and frictional resistance on the fault. Contrary to kinematic models that contain mechanical inconsistencies, the propagation of dynamic ruptures evolves naturally from solving the elastodynamic equations while satisfying a well-defined friction law on the fault. Dynamic rupture models constrained by ground motion have been attempted for several earthquakes: 1979 Imperial Valley earthquake [Favreau and Archuleta, 2003] , 1992 Landers earthquake [Olsen et al., 1997; Peyrat et al., 2001] , 1994 Northridge earthquake [Nielsen and Olsen, 2000; Ma and Archuleta, 2006] , 2000 Tottori, Japan, earthquake [Dalguer et al., 2003; Peyrat and Olsen, 2004] , and the 2002 Denali earthquake [Dunham and Archuleta, 2004] .
[3] Dynamic rupture models of earthquakes, incorporating simple fault friction, have provided new insights into the physics of earthquakes. Relevant to Parkfield, dynamic rupture simulations on a bimaterial interface with a slipweakening friction law [Ida, 1972; Palmer and Rice, 1973] have demonstrated that the material contrast across a fault can significantly affect the rupture propagation [e.g., Day, 1997, 2005] . The asymmetry in the material properties prevents the normal stress from being a constant on the fault. If we define the slip direction of the more compliant material to be positive and of the more rigid material to be negative, for subshear ruptures the normal stress variation is compressive ahead of rupture front but tensile behind it, and vice versa in the negative direction. The normal stress variations on the fault essentially lead to the asymmetry in the rupture propagation speed, amplitude of slip rate function, and potentially the ground motion along each rupture direction. A lab experiment [Xia et al., 2005] has confirmed the bilateral rupture propagation and asymmetry in rupture speeds seen by Day [1997, 2005] . The material contrast across the fault has also been used to explain the asymmetry in the observed damage pattern of fault zone [Dor et al., 2006a [Dor et al., , 2006b ] and the asymmetry in aftershock distributions of microearthquakes [Rubin and Ampuero, 2007] .
[4] These results have important implications for Parkfield earthquakes, where the velocity structure is characterized by a contrast across the San Andreas Fault (SAF) with generally faster material (Salinian granitic rocks) on the southwest side of the fault and slower material (Franciscan assemblage rocks) on the northeast side [Eberhart-Phillips and Michael, 1993; Thurber et al., 2006] . Following the definition of rupture direction in a bimaterial context, in Parkfield the southeast direction would correspond to the positive direction and northwest to the negative direction. It has been argued that the rupture would propagate preferably to the positive direction [Andrews and Ben-Zion, 1997; Ben-Zion and Andrews, 1998; Cochard and Rice, 2000; Ranjith and Rice, 2001 ] based on models with constant friction on the fault. These models ignored the dominant effect of stress breakdown process [Harris and Day, 2005; Rubin and Ampuero, 2007] . The 2004 Parkfield earthquake propagated predominantly to the northwest [Langbein et al., 2005] , which is the negative direction. Though there are still debates on whether or not the material contrast across the fault controls the direction of rupture propagation Day, 2005, 2006; Ben-Zion, 2006] , the material contrast across the SAF in the Parkfield region potentially plays an important role in the dynamics of the rupture process.
[5] The rupture process of the 2004 Parkfield earthquake has been inverted kinematically from the strong motion data [Custódio et al., 2005; Liu et al., 2006] and combined strong motion data and Global Positioning System (GPS) data [Langbein et al., 2005; Custódio et al., 2007] . A coseismic slip distribution has also been obtained by inverting the GPS and Interferometric Synthetic Aperture Radar (InSAR) data simultaneously [Johanson et al., 2006] and the GPS data alone . Fletcher et al. [2006] inferred the velocity of rupture propagation of this earthquake from observations of ground accelerations recorded at a short-baseline seismic array (UPSAR) located about 12 km west of the epicenter. Borcherdt et al. [2006] estimated the apparent rupture velocity at the surface from the recorded fault-parallel and fault-normal displacement pulses.
[6] In the following, we will incorporate the material contrast across the SAF in the dynamic modeling of the 2004 Parkfield earthquake. To infer the stress conditions and frictional parameters on the fault, we will first calculate the stress drop from the inverted slip model of Custódio et al. [2005] . With the use of a slipweakening friction law [Ida, 1972; Palmer and Rice, 1973] , we modify the stress drop, the S parameter, and the critical slip-weakening distance by trial-and-error until the dynamic rupture model generates synthetics that can explain the recorded ground motions near the fault. We will present two rupture models that explain the ground motion well, both of which will be independently checked against the GPS observations.
[7] In our preferred dynamic model, the rupture area is nearly a rectangle delineated by aftershocks between 5 km and 10 km depth [Thurber et al., 2006] . The rupture propagates bilaterally with nearly constant rupture velocities. The southeastward rupture dies out soon after the initiation of the earthquake and the rupture mainly propagates to the northwest, which is entirely determined by the derived stress conditions and friction on the fault in the given velocity structure. We will then compare the similarities and differences in the rupture parameters (slip, rupture time, and risetime) arising from our preferred dynamic model and the kinematic model of Custódio et al. [2005] . In addition, we will estimate the radiated energy and fracture energy of the Parkfield earthquake from both dynamic models following the method of Favreau and Archuleta [2003] and Ma and Archuleta [2006] , and discuss the role of stress in the distribution of seismicity on fault.
Dynamic Modeling
[8] Using a finite element method [Ma and Liu, 2006] we solve the equations of motion in a three-dimensional (3-D) linear elastic isotropic medium
where u is the displacement, s is the stress tensor, f is the body force, r is the density of the medium, l and G are Lame's constants, d ij is the Kronecker Delta, and a comma denotes differentiation. Summation over repeated indices is assumed. The fault is modeled as an internal boundary, where the traction is governed by a friction law. The traction change with respect to the initial stress state on the fault essentially gives the driving force of the system.
[9] We discretize equation (1) by using 8-node hexahedral elements in space and a central-difference scheme in time. The finite element method [Ma and Liu, 2006 ] uses a one-point integration scheme with both viscous and stiffness hourglass control. A split-node scheme [Andrews, 1999; Day et al., 2005 ] is used to model the fault boundary conditions.
[10] Owing to the simple fault geometry we have chosen (described below), we use a regular mesh with 8-node cubic elements everywhere. Thus the whole implementation of the finite element scheme with one-point integration is very similar to the finite difference scheme of Day [1982b] and Day et al. [2005] , except that we do not include artificial viscosity in the medium. The artificial viscosity used in the simulation of Day [1997, 2005] made the rupture on a bimaterial interface well-posed. However, the ill-posedness mostly occurs in the positive direction [Ranjith and Rice, 2001; Cochard and Rice, 2000] , and the problem is well-posed in the negative direction. The 2004 Parkfield earthquake mostly ruptured in the negative direction; the rupture length in the positive direction is too small for the ill-posedness to affect the rupture. The element size is 100 m in order to simulate synthetics up to 1 Hz in the velocity structure we choose. The entire computational domain is 80 km (along strike) Â 50 km (perpendicular to strike) Â 30 km (along depth). The time step is 0.012 s. The simulation is run for 40 s. We use simple dampers [Lysmer and Kuhlemeyer, 1969] along the mesh edges except at the free surface in order to prevent wave reflections from contaminating the interior solution.
[11] Precise aftershock locations of the 2004 Parkfield earthquake delineate a complex fault geometry in the Parkfield region [Thurber et al., 2006; Simpson et al., 2006] . Below a depth of 6 km, aftershocks fall on a straight vertical fault plane, presumably the SAF. However, aftershock locations in the upper 6 km delineate two fault strands, where one strand warps to the northeast and is potentially connected to the surface trace of the SAF and the other is extended vertically to the Southwest Fracture Zone (SWFZ). This fault geometry has been used to invert the coseismic and postseismic slip of the Parkfield earthquake . However, most coseismic slip from strong ground motion inversions occurs below 6 km [e.g., Custódio et al., 2005; Liu et al., 2006] and the shallowest asperity toward the northwest in the inversion of Custódio et al. [2005] and Liu et al. [2006] is located where the two fault strands collapse onto one single SAF fault plane [Simpson et al., 2006] . Therefore we simplify the fault geometry and model the 2004 Parkfield earthquake as a vertical strike-slip earthquake. Any slip shallower than 6 km in our model can be interpreted as taking place on the strand connecting to the SWFZ. The fault is 40 km along strike and 15 km along dip. Because no significant surface slip was observed immediately after the earthquake, the top of the fault is set to a depth of 0.5 km. The strike of the fault is chosen to be 140°following the pattern of aftershocks. The hypocenter is located at (35.817°N, 120.365°W) and 8.1 km depth. These parameters are similar to those used by Custódio et al. [2005] .
[12] We take into account the material contrast by using a simplified velocity model with different one-dimensional velocity structures on each side of the fault (see Table 1 and Figure 1 ). This velocity model is interpolated from the 3-D velocity model of Eberhart-Phillips and Michael [1993] and Thurber et al. [2003] and is identical to the one used by Custódio et al. [2005] in their kinematic inversion. At the hypocentral depth the shear wave velocity is 3.6 km/s and 3.2 km/s on the southwest and northeast side of the fault, respectively, giving rise to a 12.5% velocity contrast across the fault.
[13] Friction laws govern the rupture initiation, propagation and healing. In our dynamic modeling we use a slipweakening friction law [Ida, 1972; Palmer and Rice, 1973] that was first used by Andrews [1976] to avoid the stress singularity and to account for finite energy absorption at the crack tip. It is regarded as a reasonable representation of the breakdown process during high-speed seismic ruptures and has been widely used in dynamic rupture modeling [e.g., Day, 1982b; Harris and Day, 1997; Olsen et al., 1997; Peyrat et al., 2001; Day and Ely, 2002; Favreau and Archuleta, 2003; Ma and Archuleta, 2006] . In this simple friction law, the friction coefficient m is a function of slip alone and drops linearly from the static friction coefficient m s to the dynamic frictional coefficient m d over a characteristic distance D c . It remains at the dynamic friction coefficient m d when the slip exceeds the slip-weakening distance D c (Figure 2 ). The magnitude of yield stress and dynamic frictional stress is given by m s s N and m d s N , respectively, where s N is the normal stress. Note that the normal stress s N can be time-dependent. In order to use this friction law, we need to know the distribution of initial stress, static and dynamic frictional coefficients, slip-weakening distance and initial normal stress everywhere on the fault.
[14] To infer the stress conditions on the fault, we start with the slip distribution of Custódio et al. [2005] . We first linearly interpolate the kinematic slip onto the much finer grid that we use for the dynamic rupture simulation and assume that slip is along strike. We use a static finite element method to calculate the static stress drop in the velocity structure (Table 1) by prescribing the slip as a displacement boundary condition and ensuring the continuity of tractions across the fault. The calculated static stress drop is somewhat noisy because the static stress drop is related to the spatial derivatives of slip. We slightly smoothed the calculated static stress drop with a spatial average of 1 km (Figure 3 ). The static stress drop distribution correlates very well with the slip distribution (as expected, because they are uniquely related to each other through the equations of static elasticity). We assume a uniform dynamic friction s d of 18 MPa and that the dynamic stress drop is equal to the static stress drop. The shear stress on the fault is assumed along strike. Thus 
. Note that only the stress change with respect to the initial stress affects the dynamics of rupture and in turn the ground motions; that is, the absolute stress level is not very important. The absolute stress level on fault could affect the temporal rake rotations [Guatteri and Spudich, 1998] . Our chosen stress level would imply that the slip direction is mainly along strike. This original initial stress distribution is a starting model, which we will adjust by adjusting the calculated stress drop Ds through trial and error so that the synthetics can match the data. We assume a constant initial normal stress s N 0 of 60 MPa over the whole fault, which gives a uniform dynamic friction coefficient m d of 0.3 on the fault. For simplicity, we assume a uniform distribution of the slip-weakening distance D c on the fault. By trying different values, we find that D c = 0.15 m best fits the near-source ground motions.
[15] To get the distribution of static frictional coefficient on the fault, we use a constant S parameter [S =
With the assumed parameters (s d = 18 MPa, s N 0 = 60 MPa), we can calculate the static frictional coefficient m s from the stress drop Ds and the S parameter. By trial and error, we successively modify both the stress drop Ds and the S parameter on the fault and dynamically rupture the fault until the synthetics match the near-source ground motions. The rupture is highly sensitive to the stress distribution on the fault. Depending on the different distributions of stress drop and strength excess, the rupture can either stop too early, break a much larger fault area than it should, or propagate along drastically different paths. However, after several trial runs we found two distributions of stress drop and strength excess that are able to explain the ground motion observations (Models A and B in Figure 4 ).
[16] The stress drop distribution of Model A is very similar to that shown in Figure 3 except that we added 1.0 MPa to all of the fault area with positive stress drop in order to generate the correct amplitudes of ground velocity. In addition, we filled several holes of negative stress drop ( Figure 3 ) such that there are no strong barriers to the rupture propagation in the middle of rupture area. We used a constant S parameter of 0.3 to get the static frictional coefficient m s for regions with positive stress drop. For regions with negative stress drop, we simply use m s = 0.33, which is arbitrary. We just choose a value that is slightly higher than the dynamic friction coefficient m d = 0.3. It does not affect the rupture propagation much because the negative stress drop is only on the edges of the rupture area. Note that the normal stress varies during the rupture propagation due to the material contrast. In Figure 4 we plot the strength excess at each point during the rupture process. The higher strength excess on the edge of rupture area is due to the negative stress drop, not a high yield stress. For the areas without slip, both the stress drop and strength excess are undetermined.
[17] In Model B the rupture area is approximately a rectangle 30 km Â 5 km. We keep stress drop and strength excess within the rectangle similar to Model A and remove all the features outside the rectangular area. In this model, the area of faulting is basically bounded by the microseismicity, as discussed later. We use a small negative strength excess of À0.5 MPa on a 0.5-km radius circular patch around the hypocenter to nucleate the rupture (see Figure 4) . In both Models A and B, stress drop is approximately 10 MPa on a roughly rectangular asperity (5 km along strike Â 2 km along dip) around the hypocenter where the kinematic inversion places the largest amount of slip. In other asperities outside the hypocenter, stress drop is on the order of 2 MPa. Near the edge of the rupture area, the stress drop smoothly transitions to negative.
[18] It has been proposed that fault rheology likely plays a major role in determining the rupture extent of Parkfield earthquakes [e.g., Waldhauser et al., 2004; Bakun et al., 2005; Fletcher et al., 2006; Johanson et al., 2006; Langbein et al., 2006; Murray and Langbein, 2006; Thurber et al., 2006] based on the collocation of aftershocks of both the 1966 and 2004 earthquakes and background seismicity [Waldhauser et al., 2004; Thurber et al., 2006] . Most aftershocks of the 2004 Parkfield earthquake that occur near the hypocenter lie amazingly along two horizontal streaks around 5 km and 10 km depths, respectively [Thurber et al., 2006] . These aftershock streaks can be interpreted as marking the transition between creeping and locked regions of the fault [Nadeau et al., 1995] . Aftershocks in the area between the streaks are, however, significantly less abundant. This is the primary reason for constructing Model B, which only breaks the area outlined by the aftershocks, that is, between 5 km and 10 km depth. We test the hypothesis of whether or not the slip bounded by aftershocks can explain the ground motion and GPS observations. [19] We will show later that Model B generates surface displacements much more consistent with GPS observations than Model A. Note that the GPS data have not been used to constrain the stress conditions and fault friction, so they provide an independent check of each dynamic model. Though both models can explain the ground motion well, we prefer Model B because it produces better fits to the GPS data.
[20] We allow the fault to spontaneously rupture with the determined distributions of stress drop and strength excess (Figure 4 ) in the velocity structure (Table 1) . Rake is allowed to rotate. Each point on the fault obeys the slipweakening friction law. Slip starts when the shear stress exceeds the yield stress. Then shear stress drops down to the dynamic friction as a function of slip until slip reaches the slip-weakening distance D c (0.15 m). The fault then keeps sliding at the dynamic friction. The criterion for each point to stop sliding closely follows Andrews [1999] . At each time step and for each point on the fault, we compute a traction T* that will cause the slip rate to be zero at the next time step. If, at a point on the fault, the magnitude of the traction T* is smaller than that of the dynamic friction, we will set the traction at this point at current time step to be T* and the point will stop sliding at next time step. This point may start sliding again if the shear stress exceeds the dynamic friction. In Figure 5 , we plot snapshots of slip rate, shear stress change, normal stress change, and slip at 0.9 s intervals for our preferred model. The slip rate, shear stress, and slip are all along-strike components.
[21] What we observe in Model B is that the rupture initiates at the hypocenter and propagates with a fast rupture velocity both to the northwest and southeast along a narrow strip accommodating the large stress drop. The asymmetry in the amplitude of slip rate in the two rupture directions (larger in the southeast direction) due to the material contrasts is clearly seen in the first few seconds. The southeast propagating rupture front terminates at about 3.6 s. The northwest rupture propagates horizontally along strike at an almost constant speed. The rupture is cracklike but confined to a relatively narrow region. The early healing of rupture in this rupture scenario is caused by the short fault width ($5 km) [Archuleta and Day, 1980; Day, 1982a] , instead of the rate dependence of friction proposed by Heaton [1990] .
[22] The evolution of the rupture can also be observed from the evolution of shear stress and normal stress changes. Shear stress drops following the passage of the rupture front, and high stresses develop near the edges of the slipped area. Owing to the different velocity structure on each side of the fault, the normal stress on the fault is not constant. The normal stress variations have similar characteristics to a rupture on a bimaterial interface though the velocity structure in our simulation is more complicated; the normal stress varies as the rupture front progresses. In the positive direction (southeast), the normal stress change is compressive ahead of the rupture front, but tensile behind it, and vice versa in the negative direction (northwest, Figure 5 ). The normal stress variation is on the order of 1 MPa. Considering that the stress drop in most slipped areas other than the hypocentral region is on the order of 2 MPa, the material contrast has a nonnegligible effect on the rupture propagation; it effectively reduces the strength drop (yield stress minus dynamic frictional stress) in the negative direction and increases it in the positive direction.
[23] We show the time histories of slip rate, shear stress change, normal stress change, and shear stress change as a function of slip at five selected points along strike on the fault at the hypocentral depth ( Figure 6 ). The component shown in this figure is along strike. The along-dip components are a factor of two orders smaller, thus negligible. Slip rate functions have a typical shape of crack-like solutions. There is no healing mechanism in the slip-weakening Figure 4 . Two distributions of stress drop and strength excess used in the spontaneous rupture modeling of the 2004 Parkfield earthquake are mapped onto the fault plane. Model B is our preferred model. The stress drop smoothly transitions to be negative at the boundary of the slipped area, leading to a high strength excess which stops the rupture. In the region without slip, both the stress drop and strength excess are undetermined. A negative strength excess À0.5 MPa in a 0.5 km-radius patch nucleates the rupture. friction law. The early healing of rupture is caused by the stopping phase arising from the fault edges. The slip rate is higher around the hypocenter due to a higher stress drop. Again, we see the characteristics of normal stress variations accompanying the rupture propagation in the negative direction. The shear stress change as a function of slip clearly follows the linear slip-weakening friction law. The breakdown zone at each point is well resolved with the element size of 100 m (Figure 6 ).
[24] The rupture velocity is well represented by an almost constant subshear velocity of 3.1 km/s toward the northwest and 3.0 km/s toward the southwest along the hypocentral depth ( Figure 7 ). Both these values are below the shear wave velocity on either side of fault at this depth (3.6 km/s on the southwest side and 3.2 km/s on the northeast side). However, the rupture propagates bilaterally with a much faster velocity in the first few seconds, about 4.3 km/s to the northwest and about 4.5 km/s to the southeast, exceeding the shear wave velocity of materials. The supershear transients can also be seen at 1.8 s in the slip rate panel of Figure 5 . This large local rupture velocity is due to the large stress drop in the hypocentral region. The fact that high strength excess above and beneath the hypocentral asperity prevents the rupture from propagating vertically thus forces Maps of the fault plane show contours of slip rate, shear stress change, normal stress change, and slip at 0.9 s intervals. The color scale is saturated. Rupture front propagates at nearly a constant speed in a narrow confined region. The early healing of the rupture is caused by the short fault width ($5 km). most of energy in the Mode II direction also facilitates the increase in the rupture velocity. However, supershear transients quickly die out due to the distribution of stress drop and strength excess in our dynamic model. The subshear rupture front carries most of the energy, which can be seen in the slip rate time history at Point B (Figure 6 ). The situation is different from the case where the stress conditions are homogeneous on the fault. Given homogeneous stress conditions, once the rupture goes to the supershear velocity, the supershear rupture front dominates the rupture propagation and causes dramatic differences in ground motions compared to a pure subshear rupture [Spudich and Frazer, 1984; Aagaard and Heaton, 2004; Archuleta, 2004, 2005; Bernard and Baumont, 2005] . Local supershear rupture velocities associated with large stress drops have also been observed in other dynamic models [e.g., Day, 1982b; Olsen et al., 1997; Peyrat et al., 2001] . The supershear transients are rather short in our model; it is difficult to identify their signatures on the lowfrequency (up to 1 Hz) near-source ground motions we use. Therefore we do not have constraints on whether the supershear rupture transients in our dynamic model are a robust feature or not.
[25] The results associated with the rupture propagation of Model A are shown in Figures S1-S3 in the auxiliary material 1 . The rupture velocity, shear stress, and normal stress changes within the common area of both models are almost identical. The major difference between these two models is that the rupture of Model A broke a much wider area, a fault area very similar to what Custódio et al. [2005] found from the kinematic inversion. The wider fault width gives rise to a crack-like slip rate time function with rather long tails, which leads to a larger seismic moment, as we discuss in the following paragraph.
[26] The total seismic moment from our preferred dynamic model is 1.0 Â 10 18 Nm, corresponding to M w 6.0. We calculate the moment by using
where G is the shear modulus, d is the displacement, A is subfault area, and subscripts sw and ne represents the southwest and northeast side of the fault, respectively. Owing to the material contrast, it is incorrect to assume that the displacement on either side of the fault is equal to Figure 6 . Plots of time histories of slip rate (first column), shear stress change (second column), normal stress change (third column), and shear stress change versus slip (fourth column) for five points located along-strike at the hypocentral depth northwest of the hypocenter for the preferred model (Model B). Slip rate, shear stress and slip are all shown in the along-strike direction. The distance to the hypocenter for each point is depicted in the upper right corner of each panel. Figure 7 . Time-space plot of the slip rate at the hypocentral depth for the preferred model (Model B). The main rupture front propagates at a velocity of about 3.1 km/s toward the northwest and 3.0 km/s to the southeast. Supershear transients can be seen in the first few seconds of the rupture. The material contrast causes the larger slip rate toward the southeast, which contributes to the large ground motions in Cholame.
half of the slip. The seismic moment from Model A is 2.2 Â 10 18 Nm, about twice as much as that of the preferred model. Both the larger rupture area and the long tails of slip rate time histories contribute to the larger seismic moment. The long tail of the slip-rate time function affects little the ground motion but contributes significantly to the seismic moment.
[27] An advantage of a dynamic rupture model is that it permits the determination of the radiated energy and fracture energy of the earthquake [Favreau and Archuleta, 2003; Ma and Archuleta, 2006] . The radiated energy from our preferred dynamic model is 1.1 Â 10 13 J; the energy-tomoment ratio is 1.1 Â 10
À5
; and the fracture energy is 3.0 Â 10 13 J. Following Gutenberg and Richter's relation for energy and magnitude, the radiated energy corresponds to a M 5.8, slightly less than the moment magnitude. For Model A, the radiated energy, the fracture energy, and the energy-to-moment ratio are 1.8 Â 10 13 J, 5.3 Â 10 13 J, and 0.8 Â 10 À5 , respectively. The larger radiated energy (corresponding to a Gutenberg-Richter M 5.9) and fracture energy of Model A are again due to its larger rupture area. The distribution of fracture energy density (the energy lost to fracture per unit area in the slip-weakening friction law) strongly correlates with the stress drop ( Figure 8 and Figure S4 ). This is because we used a uniform critical slip-weakening distance on the fault. The normal stress variations were taken into account in the calculation. The fracture energy density is maximum in the hypocentral region, and reaches 1 MJ/m 2 . A much smaller fracture energy density, less than 0.3 MJ/m 2 , is seen in the remaining slipped area.
[28] We compare the static shear stress changes from both Models A and B with the seismicity before and after the 2004 Parkfield main shock from 3 January 1984 to 30 June [Thurber et al., 2006] plotted on top of the stress change due to the main shock calculated from both dynamic models. The radius of earthquakes is calculated assuming a circular rupture area and a constant stress drop of 3 MPa. The correlation of stress increase with aftershock locations in Model B is due to that we limit the rupture area to be the area outlined by aftershock locations. However, very few aftershocks in the slipped area in Model B are likely due to the stress decrease during the main shock. Figure 9 ). For our preferred model most aftershocks fall on the edge of the rupture area where there is a shear stress increase, which is primarily due to our construction of the strength excess distribution (Figure 4 ) such that slip only occurs within the area outlined by aftershocks. There were very few aftershocks in the area where shear stress decreased due to the main shock, which suggests, however, that stress has likely played an important role in the aftershock distributions. Two M w 5 aftershocks and one M w 4.7 aftershock occurred near the edge of the slipped zone at 10 km depth northwest of the hypocenter and one M w 4.7 aftershock occurred at 5 km depth southeast of the hypocenter. Seismicity after the main shock is dramatically higher in the northwest direction than in the southeast direction, consistent with the predominant rupture direction toward the northwest. Little seismicity before the main shock occurred within the rupture area of the preferred model as well, suggesting that this fault section has been locked. A 1994 M w 5 earthquake occurred within the rupture area and three large earthquakes (a M w 4.6 in 1992 and a M w 4.5 and a M w 5 in 1993) were on the edge of the rupture area. There is an overlap in the microseismicity recorded before and after the main shock over the whole depth of the fault northwest of the ruptured area, presumably in the creeping section of the SAF. In Model A, however, the aftershock locations do not correlate well with the main shock stress changes; aftershocks occurred in the area where the shear stress decreased in the main shock.
(

Comparison Between Synthetics and Data
[29] Ground motions recorded at close distances from ruptured faults contain key information about the dynamics of faulting, having high sensitivity to the detailed rupture process. In engineering practice, near-source ground motions provide critical inputs for engineers to design structures near fault zones. Near-source ground motion records have historically been fairly scarce; therefore they remain extremely valuable.
[30] An unprecedented set of near-source ground motions was recorded with a dense array of accelerometers during the M w 6.0 Parkfield earthquake. Eight stations were located within 1 km of the projected rupture trace and 40 stations were between 1 and 10 km from the projected rupture [Shakal et al., 2005; Bakun et al., 2005] . The total number of ground motion records obtained at these close distances was nearly doubled at a global scale by this single event.
Thirteen continuous GPS stations located near the fault also recorded quality data during the main shock [Bakun et al., 2005; Harris and Arrowsmith, 2006] . This unique data set provides an unprecedented constraint on the rupture process during this earthquake.
[31] Ground motions at 43 stations (Table 2 ) are used to constrain our dynamic model. Figure 10 shows the station distribution. These data are the same data set as used by Custódio et al. [2005] in their kinematic inversion of the source model. All stations are located within 32 km of the epicenter and have a flat instrument response above 0.16 Hz.
[32] We compare some synthetics from our preferred dynamic model with recorded ground motions in Figure 11 . (The more detailed comparison of synthetics of the dynamic model with synthetics of Custódio et al. [2005] and data at all 43 stations is shown in color in Figure S5 .) All the data and synthetics are band-pass filtered between 0.16 Hz and 1 Hz. It can be seen that synthetics show satisfactory fits to the data. We plot all the stations on the same scale so that the rupture directivity can be clearly seen. Clear large fault-normal components are seen on both ends of the fault, especially in the Cholame stations (C4aw, C4w, C3w, C2e, and C3e) on the southeastern end of the fault. The fault-normal velocity is larger than the fault-parallel velocity at these stations, an indication of the dominant subshear rupture propagation toward the southeast. Faultparallel velocities are larger than fault-normal velocities near the hypocentral region, as clearly seen in the Stone Canyon stations (SC2e, SC3e) and Gold Hill stations (GH5w, GH3w, GFU, GH2e, and GH3e). This is largely due to the strong SH radiation from the hypocentral region. Fault-normal components are not well developed at such close distances to the hypocenter. Our synthetics do not fit well the reverberations in the late arrivals at the Vineyard Canyon stations (VC5w, VC4w, VC3w, VC2e, VFU, VC2W, and VC1W), which might be due to an oversimplification in our velocity model. However, we fit the early parts of the seismograms well. Good agreement in the three velocity components is even obtained at some stations very close to the fault (e.g., FZ8, FZ11, and FFU). At very close distances to the fault, the fault-parallel and vertical components are nearly nodal in a vertical strike-slip earthquake. Moreover, complicated velocity structure in the fault zone causes complex wave patterns [Cormier and Spudich, 1984] . Because of these factors, good fits to the data are hard to obtain at the stations very close to the fault. Still, we are able to fit well the pulse shapes of the fault-normal velocity component at some of the stations close to the fault (FZ6, VC1W, VC2W, and COAL).
[33] The misfit of our preferred model, found by calcu- , and 1.13 m 2 /s 2 for fault-parallel, fault-normal, and vertical velocity, respectively.)
[34] In Figure 12 , we show the peak surface velocity distributions for our preferred model (The surface peak velocity distribution of Model A is shown in Figure S7 ). Large fault-parallel motion, which consists largely of SH energy radiated from the hypocenter, is clearly observed near the epicenter. The SH wave radiation causes the large fault-parallel velocities at some Gold Hill and Stone Canyon stations shown in Figure 11 . Strong fault-normal velocities are seen in both directions. The directivity effect of the rupture propagation contributes to the large ground motions at both ends of the fault where the fault-normal velocity is in general larger than the fault-parallel velocity. Besides both ends of the fault, the area near the town of Parkfield also experiences high fault-normal ground motions in our model, which is consistent with observations [Shakal et al., 2005] . We show snapshots of the three components of surface particle velocities in Figure S8 .
[35] The coseismic offsets observed at 12 continuous GPS stations (Table 3) provide an independent check of the dynamic models because they are not involved in the trial-and-error modeling. We calculate the final displace- Figure 10 . Map of near-source strong motion stations used in our dynamic modeling. The black line is the surface projection of the fault. The star denotes the epicenter. Figure 11 . Comparison of velocity time histories between synthetics obtained from the preferred dynamic model (red) and observed near-source ground motions (black). For each station, the first component is fault-parallel, the second is fault-normal, and the third is vertical. All the waveforms are band-pass filtered between 0.16 and 1 Hz with a zero-phase, fourth-order Butterworth filter. The scale is the same for all stations. ment field at the surface due to the slip from our preferred dynamic model in the velocity structure of Table 1 and compare the horizontal displacement vectors with the absolute GPS offset ( Figure 13 ). We simply obtain the absolute GPS offsets by taking the difference of the averaged positions over 40 to 100 s after the main shock and 100 s before the main shock. The GPS position time series were obtained as described by Johnson et al. [2006] , following Larson et al. [2003] and adding modified sidereal filtering [Choi et al., 2004] . For stations close to the fault, both fault geometry and complex velocity structure in the fault zone play important roles in determining the displacement vectors. The mismatch between the predicted displacement and data might indicate an oversimplification of the fault geometry and velocity structure. At stations away from the fault, we can fit the displacement amplitudes reasonably well; we can also fit the directions of displacement at some stations (such as TBLP). Note that the slip on our simple fault geometry can explain the displacement at station CARH, which is located on the southwest side of the main trace of the SAF but displaced coseismically toward the southeast. The deformation produced by Model A, however, overpredicts the GPS offsets by a factor of more than two ( Figure S9 ).
Discussion
[36] Our preferred dynamic model bears some similarity to the quasi-dynamic model of the 1966 Parkfield earthquake [Archuleta and Day, 1980] ; however, their model was constrained by only five strong motion stations. Slip occurred between 3 km and 9 km depths in their model, slightly shallower than our slip. The stress drop (2.5 MPa) and rupture velocity (3.1 km/s) in their model are also very similar to our fully dynamic model. The rupture area in our preferred model is delineated by the precise aftershock locations. The 5 km and 10 km depths might correspond to the transitions between a locked region (velocity-weakening) and a creeping region (velocity-strengthening). We considered a rupture model (A) that was more similar to the area where slip was found in the inversion by Custódio et al. [2005] . The major difference between Model A and Model B is the different rupture extent. While there is nothing to prevent the rupture from breaking into the creeping region, most coseismic slip should occur within the locked zone.
[37] Rupture velocity is one of the dominant factors affecting the ground motion in large earthquakes. In a dynamic model, we can control the rupture velocity by varying the stress drop and fracture energy [Andrews, 1976; Guatteri and Spudich, 2000] on the fault. We find that a rupture velocity on the order of 3 km/s in the first 2.0 s is necessary to account for the large ground motions at the Cholame stations. As we vary the strength excess and slip- Figure 12 . Distribution of the peak surface velocities from the preferred dynamic model (Model B). The color scale is saturated. The white line is the surface projection of the fault. The star denotes the epicenter. Large ground motions are located at both ends of the fault, consistent with observations. weakening distance in the hypocentral region to lower the rupture velocity, the fit with data worsens at the Cholame stations. The supershear transients in the dynamic model contribute little to the low-frequency ground motion (up to 1 Hz) at the Cholame stations because of their short durations. We also tried varying the rupture velocity to the northwest of the hypocenter. We find a worse fit to the data as we lower the rupture velocity. A slightly better fit is obtained instead when the rupture velocity is higher. By observing directly the propagation of displacement pulses at the surface Borcherdt et al. [2006] estimate an apparent rupture velocity of 2.86 ± 0.15 km/s (from fault-parallel pulses) and 3.03 ± 0.24 km/s (from fault-normal pulses), which are very similar to our rupture velocity. Fletcher et al.
[2006] found a fast rupture velocity in the first 2.0 s of the rupture propagation and a slow rupture velocity afterward. They directly map the high-frequency arrivals recorded at UPSAR on the fault by using the apparent velocity and back azimuth of the arrivals. However, their rupture velocity decreases from an initial Rayleigh speed of the slower side of the fault to 2/3 of the shear wave speed of the slower side, which is inconsistent with our results. The difference is likely due to the different source locations on the fault of their high-frequency acceleration and our low-frequency velocity signals, and/or the large uncertainty in their analysis.
[38] The material contrast across the SAF plays a nonnegligible role in the rupture propagation. In the negative direction (northwest), it unclamps the fault ahead of the rupture front but compresses the fault behind the rupture front, resulting in a smaller strength drop and thus smaller ground motions. The 2004 Parkfield earthquake propagates predominantly in the negative direction. The normal stress variations are significant when compared to the shear stress changes on the fault in the simple velocity structure we use, where the shear wave velocity contrast is 12.5% at the hypocentral depth. The large ground motions recorded in Cholame can be attributed to the southeastward rupture propagation. This also corresponds to the positive direction of rupture propagation, where the normal stress change is compressive ahead of the rupture front but tensile behind it, resulting in a larger strength drop and ground motions. A clear asymmetry in the amplitude of slip velocity (larger in the southeast direction) is seen in Figure 7 . The material contrast indeed caused a large effect on the ground motion recorded in Cholame.
[39] The 1966 M 6 earthquake propagated predominantly to the southeast [Bakun and McEvilly, 1979, 1984] , which corresponds to the positive direction. The material contrast should have made significant effects on the rupture propagation and ground motions. However, it is difficult to identify these effects from strong motion data recorded at only a limited number of stations during this earthquake. The effects of material contrast should apply to all historical M 6 earthquakes in Parkfield; they all occurred on the same locked segment within almost the same velocity structure.
[40] If a dynamic rupture model and a kinematic rupture model can both explain the ground motion, are the rupture parameters in each rupture model consistent with each other? We compare the distributions of slip, rupture time and risetime on the fault between our preferred dynamic rupture model and the kinematic rupture model of Custódio et al. [2005] in Figure 14 (The comparison for Model A is shown in Figure S10 ). The slip distributions in the hypocentral region are similar. Our slip occurs between 5 km and 10 km depth, in a region outlined by aftershocks. There is shallow slip on the northwest corner of the fault in the kinematic model of Custódio et al. [2005] . However, shallow slip is not favored by the GPS data. In the GPS inversion of Johanson et al. [2006] and Murray and Langbein [2006] , most slip is deep. By including the shallow asperity of Custódio et al. [2005] , our Model A over-predicts the coseismic GPS offset. In fact, in the recent combined inversion of ground motion and GPS of Custódio et al. [2007] , most slip takes place at depth, very similar to our preferred model.
[41] The distributions of rupture time and risetime are dramatically different between the dynamic model and the kinematic model. Rupture time and risetime are inherently dynamic features that can only be completely captured and resolved with dynamic rupture propagation, whereas they are not subject to the constraints posed by the elastodynamic equations yet highly variable in the kinematic model. The rupture time in the dynamic model is determined as the time when the along-strike slip rate exceeds 10 À3 m/s at each point. The irregular rupture front in the kinematic rupture, which results from minimizing the misfit between synthetics and data while specifying a range of rupture time for each subfault, is likely unphysical. It is nontrivial to determine a local rupture velocity from the kinematic model.
[42] The risetime in the dynamic model is given by the time it takes for the slip to go from 10% to 90% of its final value at each point on the fault. We observe a risetime of 0.5-1.5 s on most of the slipped area. The short risetimes again are due to the small fault width ($5 km), which causes the healing of the rupture. In the kinematic model, risetime over most of the fault is less than 1.0 s, which is nearly unresolved and hence highly heterogeneous over the fault.
[43] The differences in the rupture parameters between the kinematic model and dynamic model suggest that many physical constraints can be obtained from the dynamic model and used in the kinematic inversion. This has been seen in the pseudo-dynamic modeling of rupture processes [e.g., Guatteri et al., 2004] .
[44] The radiated energy from the Parkfield earthquake is 1.1 Â 10 13 J based on the preferred dynamic model. No other energy estimate is yet available for this earthquake.
Comparison of the energy-to-moment ratio from our dynamic model (1.1 Â 10
À5
) with that of the 1979 Imperial Valley earthquake (1.7 Â 10 À5 [Favreau and Archuleta, 2003] ), 1994 Northridge earthquake (4.1 Â 10 À5 [Ma and Archuleta, 2006] ), and 2002 Hector Mine earthquake (5 Â 10 À5 [Venkataraman et al., 2002]) indicates that the 2004 Parkfield earthquake is a low apparent-stress event. This is consistent with the arguments of Choy and Kirby [2004] that mature faults have low apparent stress.
[45] With our preferred model, we have shown that the earthquake can be adequately modeled with most slip inside of the region delineated by the seismicity streaks. This is consistent with the argument of a locked zone at depth surrounded by creeping zones [e.g., Harris and Segall, 1987; Murray et al., 2001] and the interpretation of seismicity streaks as marking the transition zone between the locked zone and the creeping zone [Nadeau et al., 1995] . The collocation of aftershocks of the 1966 and 2004 earthquakes with background seismicity has led to conclusions that fault rheology or geometry as opposed to the stress on the fault controls the distribution of seismicity [e.g., Waldhauser et al., 2004; Bakun et al., 2005; Fletcher et al., 2006; Johanson et al., 2006; Langbein et al., 2006; Murray and Langbein, 2006; Thurber et al., 2006] . However, the lack of seismicity within the locked zone since the 1966 M 6 earthquake does not invalidate the alternative explanation that the lack of seismicity was caused by the stress decrease during the 1966 and 2004 main shocks. The correlation of aftershock locations and the stress increase on the edge of the slipped area in our preferred model (Figure 9 ) is mainly due to our initial conditions that do not allow the slip to occur outside the area outlined by aftershock streaks. If the streaks do indeed mark the limits of the rupture area, one would expect a stress increase in the same region as the streaks. In fact, the seismicity rate increased dramatically inside the streaks after the 2004 main shock. The distinct frictional properties on fault could lead to different stress accumulation patterns during the interseismic period on the locked zone than those in the locked-creeping transition zone, which has led to the repeated M 6 earthquakes only on the locked zone. Thus it Figure 14 . Comparison of the distributions of slip, rupture time and risetime calculated from our preferred dynamic model (Model B) and the kinematic model of Custódio et al. [2005] . The rupture time is plotted at a 1 s interval in both models. The risetime is plotted at 0.2 s intervals.
is very likely that both the fault rheology and stress on the fault control the distribution of seismicity on the SAF near Parkfield.
Conclusions
[46] We have presented two dynamic rupture models of the 2004 Parkfield earthquake. The preferred dynamic model with slip bounded by seismicity streaks explains the large amount of near-source ground motions and coseismic GPS offsets. This model confirms a locked zone at depth and is consistent with the interpretation that seismicity streaks in Parkfield mark the transition zone between a creeping zone and a locked zone on the fault.
[47] Stress drop in the hypocentral region during the main shock reaches 10 MPa. It causes the strong bilateral rupture propagation in the first few seconds of rupture. The stress drop in asperities away from the hypocenter is on the order of 2 MPa. Material contrasts across the SAF cause significant normal stress variations ($1 MPa) on the fault, which leads to a larger strength drop to the southeast direction and a smaller strength drop to the northwest. The larger strength drop contributes to the large ground motion recorded in Cholame.
[48] The main rupture front propagates over most of the fault at a nearly constant subshear velocity of about 3.1 km/s toward the northwest and 3.0 km/s to the southeast. The bilateral rupture propagation contributes to the large ground motions both in the northwest and southeast directions. The dramatic differences in the dynamic and kinematic rupture parameters suggest that dynamic rupture models can provide physical constraints to the kinematic inversions.
[49] The radiated energy from the Parkfield earthquake determined from the preferred dynamic model is 1.1 Â 10 13 J. The fracture energy is 3.0 Â 10 13 J, a nonnegligible portion of the total energy release. The energy-to-moment ratio is 1.1 Â 10 À5 ; this relatively low ratio suggests that the Parkfield segment of the SAF is mature [Choy and Kirby, 2004] . Very few aftershocks of the 2004 earthquake as well as the 1966 M 6 earthquake occurred within the area bounded by seismicity streaks, suggesting the important role of stress on the distribution of seismicity in the locked zone. Both the fault rheology and stress on fault likely control the distribution of seismicity on the Parkfield section of the SAF.
